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ABSTRACT

A search of the pertinent literature on organic electrolyte
battery systems has been conducted to determine which systems,
if any, might be useful as fuze power supplies. The data in
the literature, evaluated in the light of the requirements
necessary for such power supplies, were found to be not
specifically applicable, but useful only in a qualitative
sense in providing guidance for studies at HDL. A plan of
study and a list of three anodes, eight solvents, seven solutes,
and seven cathodes derived from these data are presented.
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1. INTRODUCTION

The storage and low temperature requirements for fuze
power supplies have severely limited the nu•....r of electro-
chemical systems that can be used for these applications.
Fuze power supplies must act-ivate and operate at -40OF after
10 to 20 years storage at -65*F to +160 0 F. At present, the
only liquid electrolyte enjoying widespread use in fuze
power supplies is the fluoboric acid system. However, the
performennce capabilities of this system are limited by corro-
sion ane! adhesion problems with the electrode material. Use
of other systems such as aqueous KOH and liquid ammonia has
been testricted because ný problems occurring at the limitsof the reqaired operating temperature range. The aqueous

KOH system generally will not activate at low temperatures,
in addition to having storage stability problems. On the
otter hand, use of a.-nmonia-based eleccrolytes is prevented
by the 1igh temperature vapor pressure problem.

Since the temperattire requirements are so severe, and
other promising electrolytes were not availal-le, an inves-
tigation cf organic electrolyte systems was undertaken.
Organic electrolytes usually consist of an inorganic solute
dissolved in an organic solvent of very low electrical
conductivity. The conductivity of the complete electrolyte
is also quite low (usually an order of magnitude or more
lower than aqueous systems) which is a disadvantage in high-
current-density batteries. However, this low conductivity
may be useful in fast-activation reserve batteries where the
initial voltage rise might otherwise be suppressed by inter-
cell shorting through the electrolyte in the fill channel.
Intercell shorting may be even further reduced by placing
the solute between the electrode plates and filling the
cell stack with the low conductivity solvent alone. Further-
more, organic systems are also potentially very useful in
that higher voltages are possible through the utilization of
the more active metals as anode materials. The use of these
metals in aqueous media is restricted due to the presence of
reducible hydrogen ions.

The steadily growing interest in organic electrolyte
battery systems has resulted in numerous investigations
(mostly goverrnnent sponsored) and severa- general sur-
veys. Unfortunately, none of these has been concerned
with, or even readily applicable to, fuze power supplies.
Because the requirements for fuze power supplies are
frequently unique, this survey is an attempt to determine

Preceding page blank
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which, if any, of the systems previously studied might be
useful for tnis application. Secondarily, because this
survey contains information on all systems previously investi-
gated, it should provide a reference base for the evaluation
of future proposals on organic-based systems. It should be
noted here, that with tev exceptions the references cited in
the tables pertain to gov.rnment-sponsored contract work. A
list of the companies, agencies, and institutions involved,
as well as a PIC (Power Information Center) sheet a:nd contract
n.urier Thdex are given in tables C-I, C--II, and C-III.

2. HDL RE'2UIREMENTS

The present approximate performance requirements of
interest 4or batteries at HDL are threefold: (1) 10 tc 1000

uA/in2 for periods from 2 hours to 30 days, (2) 15 to 30 mA/in 2

for 180 sec v.ith activation in less than 50 msec, and (3) 100

to 5C5 mA/in' for 180 sec wich activation in 150 msec.

The primnarv con-ern of the first requirenent is energy
"-ity; i.e., how long _h' battery can produce a given

I' _ential at a given ctrrent density. Normally, energy
_nsity figures are given in rerms of watt-hourr per pound
(whr/lb) or energy per unit weight. Researchers at HDL,
however, are usuilly more interested in energy per unit
volume because the size of a fuze power supply is normally
mcre critical than its weight. Therefore, data from the
literature will. be more useful if sufficient information is
given to allow for the calculation of energy density by
volume.

The second and third requirements are for short-life-
time batteries where, although energy density is of interest,
power density is of primary concern. As in the case of the
first requirement, researchers at HDL are more interested
in volume (or area) density rather than weight density.
Therefore, for any power density data to be of use it must
Le convertible into watts per unit voltume (or area). This
type of information is normally available from the literature
only where polarization (current density vs. potential) data
are given.

Also ot importance., perhaps of primary value, to the
study at HDL will be that information in the literature
concerning chemical and physical behavior. For instance,
the nature of fuze batte'-jes and the specifications which
govern their design make certain solvent-solute character-
istics not only desirable but necessary. Therefore this type

8
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cf information can be used to determine which solvent-
solute combinations would be most promising for use in a
particular situation.

3. EVALUATION OF LITERATURE INFORMATION

Any working cell system must contain an electrode couple
in contact with an electrolyte. These components shculd have
certain desirable characteristics to provide optimwun perform-
ance in a fuze power supply. Once these characteiistics are
defined, then many of the seemingly unlimited possible candi-
dates can be eliminated on the basis of information obtained
from the literature.

3.1 Electrolytes

Since it is often desirable tc construct a fuze battery
with the solvent in an ampule and the solute between the
electrode plates, it is necessary to consider them separate-
ly, as well as combined as an electrolytic solution.

3.1.1 Solvents

Table C-IV is a complete listing of the organic solvents
considered in the literature covered. Because one of the
primary (and most easily defined) requitements desired for
a solvent is a low freezing point, these data are included in
this table. Specifications require that the solvent be a

liquid down to -65°F (-54 0 C). Therefore solvents with
freezing points lower than -65°F are listed in table C-V for
consi-7-ation in the study to be carried on at HDL.
Additional itents of data which are of interest, such as con-
ductivities, viscosities, etc. are included in table C-V.

To prevent shorting through the fill channels found in
most resex",2 fuze power supplies, a solvent must have low
conductivicy. Most organic solvents meet this requirement,

-5
in that conductivities are normally on the order of 10

ohm cm or lower. Resistivities (recipr.ocal conductivi-
ties) of this miaqnitude should be sufficient to prevent a
lowering of voltage during activation and inrercel! corrosion
during operation. (See appendix A for a brief discussion of
the term-- conductivity and resistivity.) However, it is
also cesizable to have a solvent which forms highly conduc-
tive solutions so that the IR drop between the electrodjes
will be mi.nimized. Solution conductivity is usually optia,.im
with solvents characterized by low viscosities and high
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dielectric constants. For example, dimethyl formamide
(viscosity = 0.66 centipoise and dielectric constant =

36.7 at 25°C) forms solutions an order of magnitude more
conductive than methyl cyanoacetate (viscosity = 2.63

centipoise and dielectric constant = 28 at 25 C). The use
of low-viscosity and/or high-dielectric-constant additives,
such as ethyl ether or ethylene carbonate, has been tried
with some success in improving solution conductivity.

The vapor pressure requirement for the solvent; i.e.,

preferably less than 100 psi at +160°F (71°C), is met by
almost all of the solvents in table C-V. Generally, any

solvent with a boiling point higher than 77 F ( 25C) will

have a vrapor pressure of less than 100 psi at +160 0F. In
fact many of the solvents in this table have boiling points

(vapor pressure = 14.7 psi) higher than +1600F.

For fast activation systems, the solvation properties
of the solvent must be such that the solute (between the
electrode plates) must dissolve rapidly, if not instantane-
ously. Generally, a polar solvent (one with a high
dielectric constant) is preferable for rapid dissolution of
inorganic solutes. Also, for fast activation (as well as
for high conductivity, see above) the solvent should have a
low viscosity.

Finally, the lowest cost per kilogram of the solvents
(as found in various chemical catalogues) is listed.
Certainly, low cost is of importance when high volume pro-
duction is the ultimate desired end result of a study.

Study of table C-IV reveals that the dozen most widely
investigated solvents are:

(1) Propylene carbonate (PC)

(2) Dimethylformamide (DMF)

(3) Butyrolactone (BL)

(4) Dimethylsulfoxide (DMSO)
(5) Acetonitrile (AN)
(6) Nitromethane (NM)

(7) Tetrahydrofuran (THF)

(8) Acetone (A)

(9) Nitrosodimethylamine (NDA)

10



(10) Ethvy!>.. carbonate (EC)

(11) Methyl formate (MF)

(12) Ethyl acetate (EA)

Of the above listed solvents only DMF, THF, A, MF, EA

and PC-NM mixtures have freezing points lower than -65 0 F and
of these only MF and the PC-NM mixture have been used in a
"successful" battery system. (See section 3.3 for a dis-
cussion of "successful" systems.)

3.1.2 Solutes

Table C--VI is a complete listing of the solute materials
considered in the literature covered. The majority of these
materials fall into five general classes of compounds:
(1) simple salts; e.g., alkali and alkaline earth halides;
(2) Lew~.s acids (electron pair acceptors); e.g., AICl 3 and

BF3 ; (3) Lewis acids combined with alkali halides; e.g.,

LiAlCl 4 (AlCl3 and LiCI); (4) complex fluorides; e.g.,

NaPF6 and KBF 4 ; and (5) organically substituted ammonium

salts; e.g., tetraethylaimmonium perchiorate. The first four
classes are represented in the ten most commonly studied
solutes:

(1) I~iClO4

(2) LiCl

(3) AlCl 3

(4) KPF 6

(5) LiPF6

(6) LiAlCl4

(7) LiBF4

(8) NaPF 6

(9) LiF

(10) KSCN

The requirements governing the choice of solute materi-
als are compatibility with and solubility in the solvent,
lew cost, and ease of handling. The first two requirements

11



are fairly obvious. Certainly the solute must be soluble
in the solvent and it must not react with the solvent to
form any solid or gaseous products. The third requi:.ement
(ease of handling) refers to the problems encountered if
the solute material is gaseous, highly hygroscopic, explosive,
or hazardous in any manner. The solute should be such that
it can be easily handled in, at worst, dry -oom conditions.

3.1.3 Electrolytic Solutions

Because the avallable power density of a system is,in part,
dependent upon the IR drop between tne electrodes, the
conductivity of the electrolytic solution used is of primary
concern. Extensive listings of conductivities are in the
literature. For specific solvent-solute combinations, mutual
references in joth solvent and solute tables should be
checked. As mentioned earlier, solutions made with solvents
possessing high dielectric constants and low viscosities
have high conductivities. In general, conductivities of
organic *-1.. ctrolytes are at least an order of magnitude
lower + Oqueous systems. The values found in the litera-

-2 -4 -l -1.
ture 0 from 5 x 10 to 10 ohm cm-. For a given
syste , maximum conductivity is normally obtained at a
concentration of about 1 molar. Above this value, a decrease
in conductiviLy is observed, due probably to the increasing
viscosity of the solution.

It has been shown that in order to develop limiting

current densities of several hundred mA/cm , cell spacing
must be on the order of 10 mils or less, and that porous
electrodes must be thin, since the cell, spacing involved
also includes the ion path within the electrode pores.

In addition to having a hiTh ionic conductivity, the

electrolyte must also have certain other physical and chemi-

cal properties. It must not freeze above -40 F (-40 C) and

must have a reasonably low vapor pressure at +140F (-60" 1C).
This requirement will certainly ')e met by all solutions made
with the solvents listed in table C-V. Furthermore. the
electrode miaterials must be essentially insoluble in, and
chemically inert to, the electrolyte. However, the electrode
reaction products should be soluble to prevent film forma-
tion.

The purity of the electrolyte can have a marked effect
apon the performance of the ceil. The presence of im-
purities affects not only the decomposition potential of the

12



solvent, but also the stability of the electrolyte by
itself or with regard to the electrode materials used. The
mc~t common impurity encountered is water, either as an
original constituent of the solvent, or as water of hydra-
tion with the solute or cathode materials. While the
presence of water is usually detrimental, in some cases
small amounts appear to be beneficial to the electrode
reactions.

3.2 Electrode Couples

As with the breakdown of electrolytes into solvents
and solutes, it is also desirable to consider anode and
cathode materials separately and then to consider them as
a couple.

3.2.1 Anode Materials

Although previously mentioned, it is worth repeating
that one of the advantages of organic electrolytes is that
the active alkali nnd alkaline earth metals can be used as
anodes. (It should also be noted that some Group III
metals have also received consideration as anode materials--
see table C-VII.) Amcng the desirable characteristics
exhibited by these metals are: low equivalent weights, high
half-ceil potentials, and large exchange currents. The
high exchange currents exhibited by these materials usually
yield high rates of reaction during discharge, hence lower
polarization, resulting in higher possible current densities.

3.2.2 Cathode Materials

Both inorganic and organic mater~ials have been con-
sidered for use as cathodes in organic electrolyte systems--
see table C-VIII. The inorganic compounds most commonly
considered are salts of the light transition meosals (Cr,
Mn, Fe. Co, Ni, Cu, and Zn), lead, mercury, and silver.
These salts are usually t)e oxides (inorganic acid anhv-
drides), halides, sulfides, or sulfates. The organic coh -
pounds normally considered are substituted aromatics, most
commonly nitrates.

Among the desirable characteristics for optimum cathode
materials are a small negative free energy of formation and
compatibility with the electrolyte. Also, the material
should be essentially insoluble in the electrolyte, although
at least a slight degree of iolubility appears to be neces-
sary for electrochemical activity to take place. Ideally,
the material itself should De conductive, althouah PbO and

2
some nickel sulfides are the only common examples of this.
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In some cases, e.g., thin electrodes for short life
time applications, an electrodepositable material would be
desirable to eliminate the necessity of preparing the
electrode by sintering or pasting.

In the case where the cathode reaction products are an
insoluble metal 7nd a soluble salt (of the anode metal),

e- + N'X-e-X (soluble) + M'

a situation arises which can lead to improved cathode per-
formance as discharge occurs. That is, as low density,
non-conductive M'X is replaced by high density, conductive
M', the electrode becomes more porous and impregnated with
a conducting material.

3.2.3 Couples

The items of interest concernine an electrode couple
are: the potential developed by the couple, the obtainable
current density at a desired potential, and the lifetime of
the couple at a desired current density.

The chemical reaction a.3sociated with any given couple
can be used to determine theoretically several of these
characteristics. These include the maximum possible
potential which can be developed by the couple and its
theoretical energy density. (See appendix B for the mathe-
matics involved in these determinations.) In general, an
electrode couple with a high cell potential is one of a
cathode (positive) with a small negative free energy of
formation and an anode (negative) which, together with the
cathode, yields reaction products with large negative free
energies of formation.

For a high energy density, the electrode materials
should have high theoretical charge densities resulting from
small equivalent weights.

Table C-IX shows the th.eoretical cell potentials for
all combinations of listed anodes and cathodes yielVing
potentials of 2.0 volts or greater. These potentials were
calculated under the assumption that the electrode zouple
reaction is a single replacement only:

M + M'X- - M' + X

Other factors; e.g., another type of rezction or
solvation 1complexing) of the products, may cause the couple
to yield a potential hicher than that calculated. This

14



concept is illustrated by the lead-lead dioxide system
zurrenty in use at HDL. If this were a single replacement
:rction; i.e.,

Pb + PbO2 - PbO2 + Pb

the system would tbeoretically have zero potential. Since
it does yield a useable potential, something else must be
taking place; in this case, a reaction in which both re-

actants go to the same product, Pb ions.

Therefore, table C-IX is a guide only, and should be
considered in vi.ew of the fact that couple potentials can
possibly be higher than those shown. it should also be
noted that, if a couple does react by means of a simple
single replacement, the potential developed will be lowec
than the value shown due to the non-ideality of the reaction.

Available data on the current density obtainable from
a givEn couple (with only a reasonable amount of polariza-
tion)are highly dependent upou electrode construction and
electrolyte composition and purity. Generally, the organic
systems which are presently coisidercd the most successful

operate in the range of 0.1 to 10 mA/cm2 (0.65 to 65 mA/in 2).

3.3 Complete Cell Systems

Although a few companies have advanced systems to a
point where they are making prototype batteries, it is
generally agreed that a completely successful organic
electrolyte battery has not yet been developed. In this
case, a "completely successful" system denotes one that will
function properly over an on-ire range of specifications
(temperature extremes, shelf life, etc.) for the purpose for

which it was designed, which might be as a rechargeable
system, a high energy density, long-lifetime system, etc.
however, some of these systems may still be acceptable for
the unique requirements necessary for power supplies intended
for use in fuzes.

Table C-X is a listing of those systems which are con-
sidered to be the most successful for their particular
application. In most cases the containers and packaging for
these batteries are laboratory type fixtures and are not
applicable for field use.

A study of this taz:Ale shows that: (1) in all cases the
active anode material is lithium, although the construction

15



Ff the electrode may vary, (2) the cathode materials used
are silver, nickel, or copper halides, with the exceptions
CuS and ACL-70, and, (3) that the acceptable solvents (in
terms of freezing point) are MF, IPA, and the combinations
THF, DME and PC, NM.

The daLa given in this table are either taken directly
from the reference cited or calculated from data given in
the reference. The information listed is in most cases
only part of the data in the literature, but is that which
is pertinent to the study at HDL only. Any gaps in the table
are the result of a lack of data in the literature.

4. DISCUSSION OF REQUIREMENTS

4.1 Long Lifetime, Low Current Drain Applications

This particular paplication presently calls for a
system which will produce from 10 to 1000 pA/in 2 for periods
from 2 hours to 30 days.

Tables C-XI and C-XII reflect the amounts of active

anode and cathode electrode materials (in g/in2 and thick-
ness in mils) needed for this application. These values are

calculated on the basis of a 100 uA/in2 current drain for 30
days, assuming that the electrodes react in a single
replacement type reaction. To determine the amounts needed

for the specified 10 to 1000 ;iA/in range, use Ni10 to ON
where N is the quantity listed. These values then reflect
the weights and thicknesses required for a 100 percent
efficient discharge of non-porous materials containing no
binding or conductive additives. Since cathode structures
are normally porous and normally require the active material
to be combined with a binder and a conductive medium, the
values listed should be increased (reasonably by a factor of
at least 2) to obtain a more realistic picture of the cathode
material required.

The values listed for the anode materials will be
reasonably accurate if the weight and thickness of any
required supporting metal grid is considered.

In order to determine which cathode materials may
provide optimum performance, it is necessary to determine
priorities among requirements. Because the volum2 of the
final battery is of primary concern, the material yielding
the thinnest electrode at a given current density should be
given first consideration. However, this approach does not

16



take the potential developed by the cell into account; i.e.,
a 2-mil thick electrode producting 2 volts is not as
desirable as a 3-mil thick electrode producting 4 volts.
Therefore the electrode materials should be considered in
order of decrea.ing potential per unit thickness (volts/mil).
Column 3, table C-XII is a listing of such values theoret-
ically determined as volts (-is Li) per mil for materials
producing 2.0 volts or more for which density information
is available.

Also of primary concern is the solubility of the
cathode material. Generally, a highly or even moderately
soluble material will shorten cell life due to depletion of
cathode material and chemical reaction with the anode.
Information in the literature relating to the solubility of
cathodes usually takes one of two forms. First, and most
obvious, is that direct information on solubility in, and/or
reactivity with, the electrolyte. Second is information on
open-circuit, wet-stand times. The usual cause of failure
in cells during open-circuit stand is dissolution of the
cathode material causing chemical discharge at the anode.

In a practical sense, tests run at open circuit will be
a simple method of screening potential cathode-electrolyte
combinations. A cell that will not last for 30 days at

+140 0F at open circuit will not last for that period under
a very small current drain.

4.2 Short Lifetime, Moderate Current Drain Applications

There are two applications that require systems which
will operate for 180 seconds. One requires activation in

less than 50 msec and operation at 15 to 30 mA/in . The
second requires activation in 150 msec and operation at 100

2
to 500 mA/in .

The maximum amount of material required for these

applications; i.e.: 180 sec x 500 mA/in2 = 90 coulombs/in2,
is of the same order of magnitude as the minimum requirement

for the long lifetime applications; i.e., 30 days x 10 uA/in 2

2
26 coulombs/in2. Therefore it is possible, although not

highly probable, that the same electrodes can be used for
all three applications presently being considered. When
material requirements for the long lifetime applications
necessitate 10 or 100 times the minimum requirement,
electrode construction techniques will probably need to be
modified.
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One advantage to the short lifetime applications is

that the cathode solubility problem is greatly reduced.
Most of the systems investigated do not show signs of
deterioratica for at least several days. Therefore, almost

all systems studied should last for 180 seconds at 140 F.

There are two major problems involved in the short life-
time applications. The first is in finding organic based
systems that will activate under load in 50 msec. Since
none cof the previous investigations were concerned with ripid
activation, there are no available data on this subject. Tlhe
second will be findin'i systems which will maintain a reason-

able potential at 500 mA/in2. The most promising systems in
the literature to date normally orecate at a current drain
an order of magnitude smaller 'har. this.

5. SUMMARY AND RECOMMENDATIONS

The investigations covered by this report fall generally
into one of two groups. One group is made up of those
studies which are academic in nature and deal primarily with
reaction mechanism and kinetics studies. The studies in this
group are not directed toward the actual developmenf of a
battery system as are those studies in the second group.

The second group are those investigations (usually by

a company, rather than an agency or university) which are
directed primarily at the development of a marketable battery
eystcm. It is the performance data from this type of study
which should be of interest to researchers at HDL. Many of

the investigations of the second type were screening studies
concerned primarily with the measurement of the conductivi-
ties and stabilities of electrolyte solutions and with the
compatibilities and solubilities of electrode materials
(pririarily cathodes) in these solutions.

Of those reports which cover the testing of actual
battery (or single cell) performance, approximately one half
are devoted to rechargeable (secondary) ,ystems. The data
related to the charging of these systems are of little inter-
est in one-time-only fuze power supplies. On the other hand
the discharge data and the data concerning wet-stand shelf
life are of general interest.

Unfortunately, it was our experience that a gi~ven set
of data related to the performlance of a system (either
primary or secondary) would be, for our purposes, incomplete
or presented in such a manner as to make an interpretation

18



difficult without making some assumptions. Granted that the
data are usable for the purpose of the investigation in
question, they are of little value in relation to work on
fuze power supplies. This is because the general require-
ments for the systems covered; i.e., high energy density,
necessitated the taking of data in ranges outside the sphere
of interest to HDL. Because most responses of these
systems, particularly polarization data, are not linear,
extrapolation of data would be difficult if not undependable.
Therefore, the data derived from these systems was useful
primarily in the fact that we know qualitatively that one system
works better than another.

The value of the information derived from this litera-
ture search (for researchers at HDL) is that it presents a
listing of systems (table C-X) which are the best (for other
applications) to date, rather than presenting specific
numbers upon which we can base definite statements as to hoo
well a system will work for our applications. This informa-
tion will at least provide some guidance as to which
systenms will be most promising for study at HDL.

On this basis, it is presently recommended that the
study at HDL begin with the determinations listed in section
5.1 on the systems listed in section 5.2.

5.1 Determinations

(1) Feasibility of rapid activation over a range

of ttýmperatures (-40 F to +140 0F) and loads (0 to 500

mA/in2 ). This study can be done on cathode and anode
materials separately.

(2) Polarization data (particularly at -40°0F) in

the range from 0 to 500 mA/in .

(3) Lifetimes over a range of temperatures

(particularly *1400F) under very low current drains; i.e.,
2< 1000 PA/in2.

(4) Effect of preparation conditions (especially
with relation to inertness and dryness of the environment)
upon performance of any systems found promising in 1, 2, and
3.
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5.2 Systems

Anodes a Solventsb Solutes Cathodes

Li MF LiAlCI 4  CuCI 2

Mg PC,NM LiClO4  CuF 2

Ca DMF LiCI CuS

DMSI Li P AgF2

PC KPF6 AgCI

BL Mg(ClO 4) 2  AgS

AN TPA BF4  ACL-70

ACN

aMg and Ca should be tested for comparison as well as for

possible use.

bsome solvents listed are known to freeze above -650F,

but should be tested at least at room temperature for
comr arison purposes.
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APPENDIX A. CONDUCTIVITY

Because of the frequent misunderstanding of terms
related to conductivity, a bief discussion of these terms
is offered here.

Conductivity, as normally used, refers to specific
-i -l

conductance (K, ohm 1 cm ) and applies to a given concen-
tration of solute. Further,

K = c/R (A-1)

where c = cell constant (cmx) and R = resistance (ohms).
Also,

K = 1/p (A-2)

where p = resistivity or ýpecfic resistance (ohm - cm).
Therefore,

R = pc = pl/A (A--)

where 1 and A refer to the length and cross secti3n azea of
the test cell.

Molar Conductance is the conductivity of a standard
concentration of solution. Specifically,

M4olar conductance = 1000 K/C (A-4)

where C is the concentration in gqmoles/liter.

Further, epjxivalent conductance (A),

A = molar conductznce/Ne (A-5)

where N is th- valenc( of the electrolyte species; i.e.,e
Ne = 1 for KCI and Ne - b for A12 (SO 4 ) 3. Therefore,

A = 1000 K/CNe (ohm-I cm 2) (A-6)

Also, A normally varies linearly W¢;th the square root
of concentration, and when so plotted and extrapolate4 to
infinite dilution (zero concentration) yields a value !f
or the limiting conductance,

= (infinite dilution) (A-7)
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APPENDIX B. CALCULATION OF CELL POTENTIAL AND ENERGY DENSITY

Consider an electrode couple consisting of a metallic
anode (M) and a salt (M'X) as the cathode, such that the
reaction associated with this couple is a simple single
replacement; i.e.,

pM 4- qM'X --- rM' .- sMX (B-1)

The thermodynamic equation for the calculation of cell
potential is

E° = -/Ff/nF (B-2)

0 -Where E° is the theoretical cell potential, AFf is the total

free energy change for the reaction, n is the number of
electrons transferred per mole of reaction and F is the
standard Faraday constant. The total free energy chanle
(AFFf) is the difference between the sum of the free energies
of formation of the reactants and the similar sum for the
products; i.e.,

AF, (reaction) = XF (products, -IFf (reactants) (B-3)

or in the case of reaction (B-I),

, Ff = [sFf(,X) + rFf(U')I - [qFf(M'X) + pFf(M)] (B-4)

where the free energies of M and M' (elemental) are zero by
convention.

From equation (B-2) it is obvious that a high negative

value of AFf (a high positive value of -A,.Ff) will yield a

high cell potential. Therefore a good electrode couple will
be one of a cathode (M'X) with a high positive value of Ff

compared to the value of Ff for the anode reaction product

(MX). Because the free energies of formation for these
compounds are normally negative, Ff(M'X) should therefore

be a small negative value, while Ff(MX) should be a large

negative value. In practice, values of Ff arc normally

foun:d in kcal/m.le. When .f is expressed in this manner,

the ecuation for cell potential becomes

Preceding page blank
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E 0 AFf /23.06n (B-5)

The maximum theoretical energy density for an electrode
couple can also be calculated from the associated chemical
reaction. Basically, the sum of the charge densities forx
both electrodes is multiplied by the cell potential to yield
the energy density. In the literature, charge densities
and energy densities are commonly expressed in amp-hours per
pound and watt-hours per pound, respectively. For ease in
discussion, they will be dealt with here in terms of amp-
seconds per gram (A-sec/g) and watt-seconds per gram
(W-sec/g), where

1 amp (watt) hr/lb = 7.93 amp (watt) se:./g (B-6)

The charge density for an individual electrode is
simply the number of coulombs (amp-secs) per gram of
material i.e.,

A-sec/g = 96500/EqW (B-7)

where EqW is the equivalent weight of the material.

The energy density for the electrode couple is then
calculated by

W-sec/g = E°0 (A-sec/g) (B-8)

where E° is the cell potential (either expe-imental or
calculated from free energies of formation) and 7 (A-sec/g)
is the sum of the charge densities for both the anode and
the cathode.

If energy density per unit volume is desired, the
charge densities for the individual electrodes must be

multipliec by their respective densities (g/cm ) before
summing.
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APPENDIX C. TABLES

(If no data are entered in any part of a table, itindicates that information is not available.)
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Table C-I. Companies, agencies, and institutions
involved in organic electrolyte research.

Air Force - Cambridge Research Laboratory (AF-CRL)
American University
Argonne National Laboratories
Army - Electronics Command (ECOM)
Army - Mobility Equipment Research and Development Center

(MERDC)
Atomics International
Battelle Memorial Institute
Carnegie Institute of Technology
Case Western Reserve UniversityEagle-Picher Industries, Incorporated

Electric Storage Battery Company (ESB)
Electrochemica Corporation (ELCA)
Globe-Union, incorporated
Livingston Electronic Corporation (including Corson and

Honeywell)
Lockheed Aircraft Corporation
Mallory and Company, Incorporated
Midwest Research Institute
Monsanto Research Corporation
NASA - Lewis Research Center (NASA-LRC)
Naval Ordnance Laboratory - White Oak (NOL-WO)
Naval Research Laboratories (NRL)
Naval Weapons Center - Corona (NWCCL)
Power Conversion, Incorporated
Rensselaer Polytechnic Institute
Rocketdyne
Societe Des Accumulateurs Fixes Et De Traction (SAFT)
Sprague Electric Company
Stanford Research Institute
TRW, incorporated
Tyco Laboratories, Incorporated
University of California at Berkeley
University of California at Los Angeles
University of Missouri
Whittaker Corporation
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Table C-II. PIC sheet index.

PIC Company, agency, or institution
sheet no.

0346 U. C. Berkeley
0447 ECOM
0561 Atomics International
0667 Lockheed
0861 Lockheed
0893 Monsanto
0896 Globe-Union
0898 Corson
0937 ECOM
0947 Mallory
0960 Rocketdyne
0987 Gulton
1176 Mallory
1178 NASA-LRC
1187 American U.
1199 AF - CRL
1200 AF ~ CRL
1201 Corson
1216 Lockheed
1266 ELCA
1268 Tyco
1270 NWCCL
1398 American U.
1405 Tyco
1435 ESB
1463 Honeywell
1473 Battelle
1489 Mallory
1490 Globe-Union
1500 Monsanto

1517 Battelle
1544 Case Western Reserve U.
1553 Gulton
1596 UCLA
1614 UCLA
1618 Whittaker
1634 Globe-Union
1649 Rocketdyne
1664 TRW
1689 Tyco
1772 Honeywell
1832 Tyco
1833 ?tomics International
1839 ECOM
1840 ECOM
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Table C-II. PIC sheet index - Continued

PIC Company, agency, or institution
S~ sheet no.

1857 ECOM
1872 U. C. Berkeley
1873 TRW
1895 Battelle
1901 NAVWEPS
1925 Whittaker
1933 ECOM
1982 ECOM
1991 ELCA
2021 NWCCL
2091 Battelle
2140 HDL
2146 Midwest Research Inst.
2149 Mallory
2154 NASA-LRC
2178 Honeywell
2188 Tyco
2189 Atomics International
2203 MERDC
2246 Rensselaer
2273 Gulton
2312 Honeywell
2366 Rocketdyne
2376 ECOM
2377 ECOM
2387 Eagle-Picher
2388 Power Conversion
2392 ECOM
2439 NOL-WO
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Table C-III. Index of contract numbers for
organic electrolyte research.

Contract no. Contractor

Atomic Energy Commission

AEC W-31-109-ENG-38 Argonne National Laboratories
W-7405-ENG-48 UCLA

SC 58-0690 Globe-Union (PIC/1634)
58-4116 Globe-Union (PIC/1634)
58-5214 Globe-Union (PIC/1634)
58-5291 Globe-Union

Department of the Air Force

AY 19(628)-5525 Tyco (PIC/I05)
19(628)-6131 Tyco (PIC/1689)
33(615)-1195 Lockheed (PIC/0677)
33(615)-1266 Gulton (PIC/0987)
33(615)-2455 Lockheed (PIC/1216)
33(615)-2619 Battelle (PIC/1473)
331(615)-3488 Gulton (PIC/1553)
33 (615)-3701 Battelle (PIC/1517)
33(616)-7957 Lockheed (PIC/0677)
33(657)-11709 Lockheed (PIC/0861)

F 39628-67-C-0387 Atcmics International (PIC/1833)
19628-68-C-0052 Tyco (PIC/1832)
19628-70-C-0086 Atomics International (PIC/2189)
19628-70-C-0095 Tyco (PIC/2188)
33615--8C18 Battelle (PIC/2 i
33657-68-C-0438 1Mnittaker (PlCi .925)

Department of the Army

DA AB07-67-C-0385 ESB (PIC/1435)
AB07-67-C-0590 U. C. Berkeley (PIC/]872)
ABO7-68-C-0240 ELCA (PIC/1991)
ABO7-69-C-0063 Rensse.aer (PIC/2246)
AB07-70-C-0076 Mallory (PIC/2149)
ABO7-71-C-0130 Power Conversion (PIC/2388)
AB07-71-C-0131 Eagle-Picher (PIC/2387)
28-043-AMC-01394 (E) ESB (PIC/1435)
28-043-AMC-02304(E) ESB (1IC/1435)
28-043-AMC-02464 (E) TRW (PIC/1873)
36-039-AMC-03201(E) Rocketdyne (PIC/0960)
36-039-SC-72363 U. Missouri
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Table C-III. Index of contract numbers for
organic electrolyte research - Continued

Contract no. Contractor

36-039-SC-74994 U. Missouri
36-039-SC-88925 Atomics International (PIC/0561)
44-009-AMC--1386(T) American U. (PIC/1398)
44-009-AMC-1537(T) Mal iory (PIC/1489)
44-009-AMC-1552(T) Globe-Union (PIC/1490)

44-009-AMC-1661(T) UCLA (PIC/1596)

Department of the Navy

N 00017-68-C-1401 ELCA (PIC/1266)
00017-71-C-1410 ELCA (PIC/1266)
00019-67-C-0680 Tyco (PIC/1268)
00019-68-C-0402 Tyco (PIC/1268)
00019-68-C-0614 Livingston (PIC/2178)
00123-70-C-0188 UCLA (PIC/1614)
Ow-63-0618c ELCA (PIC/1266)
Ow-64-0653f Tyco (PIC/1268)
Ow-65-0506c ELCA (PIC/1266)
Ow-66-0342c PLCA (PIC/1266)
Ow-66-0621c Tyco (PIC/1268)
123(62738)33116A U. C. Berkeley (PIC/0346,
123(62738)56006A Case Western Reserve University

(PIC/1544)
123(62738)57439A UCLA (PIC/1614'

National Aeronautics and Space Administration

NAS 3-2752 Monsanto (PIC/0893)
3-2775 Livingston (PIC/0898)
3-2780 Mallory (PIC/0947)
3-2790 Globe-Union (PIC/0896)
3-4168 Monsanto (PIC/0893)
3-6004 Livingston (PIC/1201)
3-6015 Globe-Union (PIC/0896)
3-6017 Mallory (PIC/1176)
3-6018 TRW
3-7624 Monsanto (PIC/1500)
3-7632 Livingston (PIC/1463)
3-8509 Whittaker (PIC/1618)
3-8521 Rocketdyne (PIC/1,649)
3-9168 Monsanto (PIC/0893)
3-9431 Monsanto
3-10613 Livingston (PIC/1772)
3-10942 Battelle (PIC/189';
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Table C-III. Index of contract numbers for
organic electrolyte research - Continued

Contract no. Contractor

3-12969 Rocketdyne (PIC/2366)
3-12979 Midwest Research (PIC/2146)
3-13221 Livingston (PIC/2312)
7-538 TRW (PIC/1664)
r-191 ECOM (PIC-BAT 209/10)
w-1ll Stanford Research Institute

NBS R-09-022-029 Carnegie Tech

NGR 09-003-005 American U. (PIC/1187)

National Institute of Health

NIH 69-2153 Gulton (PIC/2273)
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Table C-VI. Solute materials.

(Figures in parentheses are co,-t, in $/kg, and
available form when not anhydrous.)

Solute materi.al Literature reference

I. Inorganic

AlBr3 (43) 51

A1.C 3 (6) 6,13,21,24,33,34,37,42,45,46,
51-53,55,56,67,73

AlF 3 (i0,"nH 2 0) 24,29,37,42,45,88

Ai 2 (SO 4 ) 3 (5) 45

NH 4Br (5) 51

NH 4Cl (1) 42,51.88

NH4 CO4 (S) 88,95

(NH4 ) 2 CO 3 (1) 24

NH 4COOCH3 (2) 88

(NH4 ) 2CrO4 (9) 88

'Nl4 ) 2Cr 2 0, (3) 88
NH4 F (16) 42,88

NH 4I (28) 67

NH4 NO (2) 88
4 3

Nil PF 1%70) 6,13,38,53,54,88

NH4SCN (5) 6,28,51,67,88

Ni 4 SO3 F 37,53

(Nl4 )2TiF6 (15,-2H2 0) 53

SbCl3 ,9) 37,69,88

SbF 3 (14) 37

BaCI2 (3) 42,88

Ba(C1O4)2 (6) 84
B a ( CN) 24

2
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Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I. Inorganic - Continued

Ba(N03) 2 (6a) 88

BeCl2 (200) 37

BeF2 (110) 37

BCI 3  37
BF 3 (26, 10% in CH3 OH) 29,37,74,100

CdCl., (15) 88
L

Cd(CN) 2 (70) 88

CdI2 (29) 88

Ca(BF 4 ) 2 (122) 100

CaCl2 (3,• 2H 20) 24,29,42,51,88,100

CaCO3 (7) 29

CaF.2 (9) 24,37,40,42

Ca (NO3)2 (3,-4H2 0) 88

Ca(PF ) 2 100

CaSO4 (8) 29

CaTiF 6 (15) 37

CeCI3 (57,"7H 20) 88

CeNH 4 (N0 3 ) 5 (8, (NH4 ),Ce
(NO)6 88

CsCl (280) 24,37,88
CsCIO4 (325) 84

CsF (290) 24,37,55,64
CsPF6 37

aExplosive when anhydrous
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Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I.. Inorgaic - Continued

Co(CN) 2 (83,•2H 2 0) 88

CoF3 (37) 51

CuBr 2 (13) 51,88

Cucl2 (12) 45,46,56,74,88

CuCN (10) 88
CuF2 (450) 46,51,74,88

CuI (36) 88
CuSO4 (5) 51

HCIO 4 12,28,82

H20 56,82,85,91
1'ONH2 HCI 45

H 2SO 4 13,51,84

inOr 3 (350) 88

InCl 3 (700) 37,88

In(NO3 ) 3 (550) 88

FeCI3 (4) 37,51,88

PbC1 (8) 51,88

PbF2 (102) 42,88

PL'(NO3) 2 (4) 88

PbSO4 ,6) 51

LiAiCl4 6,8,13,31,52,54-57,75,77,78

bLicl, AiCI (usually vreparcd in situ).
7 3
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Table O-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I. Inorganic - Continued

LiAsF6  47,48,50,59,74,75
LiBF (400) 6,12,13,29,42,48,53,56,69,82,

91,95,100

LiBr (19) 6,28,51,73,74,88
LiCF 3SO3 95

LiCl (13) 4,13,19,21,24,28,33,34,37,38,
40,42,45,46,51-53,55-57,63,
65,67-69,74,84,88,92,94,95,
100

LiClO (49) 3,4,6,8-10,13,15,19,20,28-30,
33,38-40,45-48,51,54,56,61,
62,68,69,74-76,82,84-88,90,
92,94,95,100,101

LiCN 24
Li2 CO3 :10) 24,29,37,88

LiCOOCH 3 (19,'2H2 0) 88

LiF (15) 24,37,42,45,46,51,74,84,88,
91,94,100

LiI (200) 56,68,69,88
LiNO3 (-.) 88,91,95

LiOH (22) 24
LiPF6 (380) 13,29,37,38,42,43,47,48,51,

53,56,74,91,100

Li 2S 24

LiSCN 90) 24,73
Li2SiF6 37

Li2 so4 (14) 29,51,88

Li2SO3F 37

Mg (BF4 ) 2  100

MgBr 2 (15,.6H 20) 45
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Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I. Inorganic - Conti' ed

MgCI 2 (6) 24,29,37,40,45,51,88,1002 a
Mg(CIO4 ) 2  (9) 6,29,45,51,94,100

MgCO, (15,basic) 29

MgF 2 (15) 24.37,42,88,100

Mg(PF 6 ) 2  100

Mg%(SCN) 2  29

MgSiF 6  37

MgSO 4 (5) 29.45

HgBr 88

Hg(CN) 2 (52) 88

Hg(COOCH 3 ) 2 (30) 88

HgI 2 (30) 88

HgSO4 (28) 51

NiC3 2 (130) 88

Ni (CN) 2  88

NiF2 (320) c'4,88
Ni (PF6 ) 2  37

NiSO4 (7,.6H2 0) 51

NOBF (900) 53

NOPF6 (940) 53

PCI5 (4) 42

PF 5  74,100

aExplosive when anhydrous
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Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
availab?.e form when not anhydrous.)

Solute material Literature reference

I. Inorganic - Continued

KAg (CN) 2 88

K3A-F6 (9) 37

KAsF 6 (118) 13,37,47,48

K 2BeF4 37
KBF4 (i1) 3,13,3?

KBr (3) 2,45,51,88
KBrO3 (5) 51

KCCI 3CO2 45

Rcl (1) 24,37,42,45,51,88

KC1O4 a (6) 6,47,84,88,95

KCN (8) 51,67,88
KCNO 24
K 2CO3 (2) 24,37,88

KCo (CN) 3 88
KCrF 6  47

K3 Cr(SCN) 6 (67) 37

KCu (CN) 2 88

":.o (4,-2H2 0) 24,37,42,45,84,88

K4 Fe(CN) 6 (3,'3H2 0) 37

KHSO 4 (2) 51

KI (8) 37,43,45:51,56,67,88
KiMnO4 (2) 51

K2 NbF 7 (174) 37

KNi (CN) 883
KNO-. (q) 88

aExplosive when anhydrous
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Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

1. Inorganic - Continued

KNOI (2) 51,88

KOH (670) 13,84,88
KPF6 (30) 1-3,6,13,20,28,37,38,40,42,43,

48,51,53,68,69,84,88,100,101

K2 S 24

KSbF6 (240ý 48

KSCN (7) 6,24,28,45,51,67,73,84,88

K2 SiF 6 (5) 37

K2 SO4 (1) 88

K2S208 (7) 51

K2 TaF 7 (208) 37

K2 TiF 6 (9) 37

K2 ZrF6 (12) 37

RbCl (400) 88
RbCiO4 (300) 84

Rb' (320) 37,42,43,88

SiF4  37

AgBr (143) 88
AgCI (69) 51,88
AgCIO4 (300) 56

AgI (101) 88
AgNO 3 (41) 45,88

Na3AIF6 (2) 37

NaAsF 6  37,47,48

a Explosive when arnhydrous
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Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I. Inorganic - Continued

NaBF4 (12) 37,40

NaBr (3) 45,88
NaCCI CO 45

NaCF 3 SO3  94

NaCH 3 SO 94
33

NaCl (2) 13,24,37,42,45,84,88

NaCiO4  (5,-HO0) 13,47,48,73,84,88,94

NaCN (2) 88
Na2 CO3 (2) 24,88

O3(

NaCOOCH5 (4) 88
NaCOOC 6 H5 (3) 88
NaF (6) 24,37,42,51,88,91
NaHSO4 (5) 88

NaT (15) 43,45.88
NaNO 2 (2) 88

NaNO3 a (2) 51,88

NaOCH 3 (8) 88

NaOH (1) 88
NaPF6 (192) 6,13,37,42,43,47,48,53,54,84,88

Na4 PO 3 F (21) 51

NaSbF 6 (90) 37,88

NaSCN (6) 88,94
Na2 SF 6 (4) 37

Na 2SO4 (1) 88

Na TPBb (750) 74,94

a Explosive when anhydrous

bSee abbreviations at end of table

79

1#



Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I. Inorganic - Continued

SrC 12 (4,.6H2 0) 88

Sr(C10 4 ) 2 (238) 40

TICi (25) 88,93

SOC 2 (4) 42

SnCl 2 (8) 45

SnF2 (43) 37

SnF 4 (3500) 37

TiF 3 (270) 37

TiF4 (130) 37

WCI 6 (104) 88

VC 2 88

VCI 3 (420 88

SnCl2 (4) 28,88

BnF 2 (124) 42,88
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Table C-VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

II. Organicb

(BTrMA)AsF 6  37

(BTrMA) SbF6  37

(DBA)AsF 6  37

(DBA) 2 SiF6  37

(DBTrMA)PF 6  37,38

(EPy)Br '78) 51

(M)AsF 6  37

(M)PF 6  37,38,42,43,56,61,74

(nPA) BF4  56

(PTrMA) Cl 40,42,43
(PTrMA) PF 6  37,39,40,42,43,54,88

(TAmA) SCN 94

(TBA)Br (96) 74
(TBA)F 13
(TBA)I (80) 37,84,88
(TBA)OH (153,25% CH3OH soln) 24,40

(TBA) (TPB) 74

(TEA)Br (14) 51,88
(TEA)C1O 4 (100) 69,84-89,91

(TEA)F (620) 40,74

bsee abbreviations at end of table
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Table C-VI. Solute materials - Continu, ".

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

II. Organicb- Continued 24

(TMA)BF 4 (120) 26,37,42,43,74,88

(TMA) Br (19) 37,74
(TMA) Cl (16) 3,18,37,45,51
(TMA) CIO 18

(TMA)F (600) 48,74
(TMA)I (43) 45,88
(TMA)OH (545"5H2 0) 40

(TMA)PF 6 (250) 37,38,42,43,53,74,88

(TPA)BF 4  37

(TPA)CIO 82

(TPA)PF 6 (680) 37,36

(TrABA) (TPB) 94

(TrMA)Cl (32) 45

;TrPA)AsE6 37

II

I:I

0 See abbreviations at end of* table
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Table C-VI. Solute materials -Continued.

Abbreviations

An ions

TPB Te traphenylboride

Cdtions

BTrMA Benzyltrime thylaminoniurn
DBA Dibutylainmonium
DBTrMN Dodecylbenzyltrimethy lanunonium
EPy Ethylpyridinium
M Morpholiniuin
nPA n- Propylamnionium
PTrMA Pheny ltrime thylarnmonium,
TArnA Tetra-n-amy lagmmonium
TBA Tetrabutylammoniuxn
TEA Tetraethylarrinonium
TMA Tetramethylaminonium
TPA Tetrapropy lammoniuin
TrABA Ti- l-amylbutylarnmonium
TrMA Triniethylamm~onium
TrPA Tripropy lanimoniurn
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Table C-VII. Anode materials.

Material Literature reference

1. Aluminum 13,,28,33,37,39,51:52,55,73,84,94

2. Beryllium 33,37,40,51,55,69,73

3. Cadmium 33,40,100

4. Calcium 3,o,7,13,28,33,37,38,40,42,51,73,94,100

5. Cobalt 28

6. Lithium 3,4,6,8,10,12,13,15,16,18,19,21,24,27-34,
36-58,61,62,65,71.73,75-78,82-88,90,92,
94,95,109,101

7. Magnesium 3,6,7,!3,28,33,37,38,40,42,4S,46,51,52,
60,61,67,68,73,84,94,100

8. Potassium 3,40,51,52,94

9. Rubiduium 28

10. Sodium 3,28,33,37,38,51,88,94

11. Strontium

12. Zinc 6,7,28,33,46,100
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Table C-VIII. Cathode materials.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature reference

I. Elemental

12 94

S 6,45,51,73

II. Inorgani_

AlF 3 (10,-nH2 0) 45

SbCl5 24

SbF 3 (14) 38,47

SbF I 24

AsBr 3  24

AsF 3 (82) 24;38

AsF. 24

B2 0 3 (4) 45

CdC1 2 (15) 19,24,89

CdCO3  24

Cd (CN) 2 24

CdF 2 (60) 19,20,24,100,101

CdS (25) 24

CrCI (3Ot0) 40,55

CrCI 3 (77) 29,40

CrF 2 (480) 29,40,55
1

CrF 3 (9,13 H2 0) 28,40,51

CrI 2 (2800) 40

CrO, (8) 40,46,73
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Table C-VIII. Cathode materials - Continued.

(Figuren in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature reference

II. Inorqanic- Continued

Cr203 '4) 6,40
Cr (OH) 2 24

Cr (OH).3 24

CoBr 2 (240) 40

-oCl2  (111) 40,55,?00
CoCI 3 100
COCO3 (21) 24,29

CoF2 (80) 24,40,46,55,100

CoF3 (37) 13,28,38,40,45-47,51,53-56,100

CoI2 (130) 40

CoO (350) 40,100
Co 2 0 3 (19) 40

Co304 (.7 40

CoS 24,87
Co (SCN) 2 24

CuBr (55) 40
CuBr. (13) 40

Z

CuCl (7) 19,28,30:36,40,46,56,75
CuCI 2  (12) 6:13,15,19,24,30-34,36,38.40,

"15, 56, 57,65 ,7 ,74 77,92,100

CuCO3 (7) 13,24,29

CuCN 24
CuCNS (60) 24
Cu (CNS) 2 24

CuF 19,24,28-30,40.,46
Cup' 1450) 6,13,15,19,23,2>1,28-34,37,38,

40,42,45-51,53,54,56,70,73-75,
841-87,94 .100
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II
Table C-VIII. Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature reference

II. Inorganic - Continued

CuI (36) 40
CuIl) 40

Cu(10 3 ) 2 (1L0,-H20) 73

u20 (3) 40

CuO (8) 13,29,40,45,46,100
Cu2S (11) 24,38,87

CuS (8) 15,24,29,45,73,76,87
CuS@% (5) 29

AuBr 40
AuBr3  40

AuCI 40
AuCI3 (1 6 8 0,I1AuCl4- 3H20) 40

AuI 40
Au 0 (9600' 40

2 3

GeCI 4  24

InF 3 (14001 100

in(OH)2 24

I 205 (67) 6,73

FeBr 2 (365) 40

Fecl2 (195) 24,40,51,55

FeCl 3 (4) 40,55

F,)3 24.29

FeF.. (600) 24,55

FeF3 (500) 40,51,55,100

FeI2 (600) 40
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Table C-VIII. Cathode materials - Continued

/Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature reference

II. Inorganic - Continued

Fe 2 0 3 (1) 13,29,40

Fe0 ( 38,40

Pb (OH) 24
2

FS(14) 2408

Fe 2 S3 24,87

PbICI2 (8) 51,57,89

PbF (102) 28
PbO2 (5) 38,45,46
Pb (OCN) 2 24

PbS (1i) 24
PbSO4 (6) 51

MnBr2 (140) 40

MnC 2O (9) 40,55

MnCO3 24

tgFl2 (270) 13,19,29,40,46,55
SMnF 3 (240', 48

i•Mni2) (1521, " 4 H20) 40

:MgnO (12) 40::MnO- (7) 13,38,40,45,46,73

Mn 2 03 k4

Mn 3 04 '.9) 40

MnS 24

HgCI 2 (24) 511

HgO (32) 46
HgS ý27) 24.51
HgSO4 (28) 6,45,51
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Table C-VIII. Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and

available form when not anhydrous.)

Material Literature reference

II. Intrganic - Continued

MoO3 (9)

NiBr 2 (146) 40

NiCl 2  (130) 13,19,38,40,42,46,51,55,73,79,
100

Ni (CN) 2 24

NiCO3 (14) 24,29

NiF (320) 13,19,24,28,29,37,38,40,42-46,
51,73,100

NiI 2 (120- 66H;0) 40

NiO (17) 38,40,100
NiO2 (12) 40

Ni203 45

Ni (OH) 2  24,38

NiS 24,87
NiS 2 87

Ni 2 S 87z 3

Ni (SCN) 2 24

NO3 38

PB3 24

Pci3 24

KI (8) 94

KIO4 (47) 60

K2 SO4 (1) 94

K2S 208 (7) 73,94

Se 7Cl2 24

89



Pable C-VIII. Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature reference

II. Inorganic - Continued

SiC1 4  24

Si 2Cl6 24

AgBr (143) 40
AgCI (69) 6,7,13,19,21,24,28,37,38,40,

46,51,52,55-57,73,78,89,94,100

AgCN (4S) 24
Ag 2 CO 3  24

AgF (900) 19,24,28,z0,46,51
AgF 2  6,38,40,73,100

AgI (101) 40
Ag2 0 (97) 13,38,40;45

AgO (330) 13,28-30,38,40,45,47,73,100
Ag203 40

Ag9708 38

AgOCN (120) 24
Ag2S 24,51,101

Ag 2 SO 4 (92) 51

NaBO3 (5,-4H2 0) 45

NaIO3 (12) 73

S2CI4 24

TIC1 (2-) 89

SnCl 4  24

SnO2 (8) 45

SnS 24

TiF3 (270) 28,29,38

TiF4 (330) 29
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Table C-VIII. Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not arhydrous.)

Material Literature reference

II. Inorganic - Continued

VCI 2  40

VCI3 (420) 40

VCl 24
'7 4

V2 05 (17) 6,38,40,45,46.73

ZnBr 2 (25) 40

ZnCl2 (4) 24,40,101 ,

ZnCO 3  24

Zn(CN) 2  24

ZnF2 (124) 24,40,100,101
2

" "n2 (47) 40

ZnO (1) 40
Zn(OH) 2  24

ZnS (6) 24,87

91

l



DIM-

Table C-V/III. Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature reference

III. Organic

Bis-benzofurazane sulfone 28-30
1-Chloro-2,6-dinitrobenzene 82
N-Chlorosuccinimide 61
Dichlorobenzoquinonediimine 61
Dichloroisocyanuric acid 38,46,60-62

(ACL-70)
N,N Dichloro-4-toluene- 3

sulfonic acidamide
(Dichloroamine T)

Dichlorotriazinetrione 6,13,60-62
2,4 Dinitroaniline 95
m-Dinitrobenzene 3,6,7,11,28-30,38,45,82,95
o-Dinitrobenzene 26
p-Dinitrobenzene 3,26,82
2,4 Dinitrophenola 38,82
2,5 Dinitrophencl 82
2,6 Dinitrophenol 82
2,4 Dinitrotoluene 45
2,6 Dinitrotoluene 82
Dinitrotrichlorobenzene
Fluorinated graphite (CxF) 10,16

Heyxachlorcomelamine 38,60
2,4,6 Hexachlorotrizzine- 60

trione

Nitrobenzeneb 3,12,82
4-Nitrosophenol 38

Picric acida 29,60
Potassium trichloroisocyanur- 3,38,46,61

ace
p-Qui nonedixime 38
Quinone resins 18
Sodium trichloroisocyanurato 3,38,46,61
5,5'-Sulfunyl-bis-benzofura- 3

zone-3,3'-dioxide

aExplosive

bLiquid at roomi temperature

92



Table C-VIII. Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature .ceference

III. Organic - Continued

Trichloroisocyanuric acid 3,38,46,61
Trichloromelamine 3,38
Trichlorotriazinetrione 61
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Table C-X. Successful cell systems.

Part 1. L-Ist of cell systems.

Cell systemn Literature reference

Li/PC-LiAlCl /AgC1 51,52

2. Li/PC-NaPF 6/cup 3

3. Li/PC-RPf 6 /Nix 2  421

4. L/CLl CuF 28,46A47

Li/C-L~l 4/ 2

i5. Li/PC.NM-LiAlC'I4 /CUC1 2  33,34,65

6.Li/MF-LiClO /Cu 4

4 2
7. L/BL-PF 6J~gF2 10
8. L/"MFLiC! 4 /uF 246,4

9. L/MF--JiCO /AL-7010,6



Table C-X. SuccesbZul cell systemrs - Continued.

Part 2. Available data for cell systems listed in part 1.

Data Literature reference

1. Li/PC-LiAlCl 4 /AgCI Lockheed (51,52)

Electrolyte: 0.6M LiAlCl in PC

Anode: Li pressed on expanded Ni
Cathode: 75% AgCl, 10% Ag, 15% inert conductor on

expanded Ag.

a. Open circuit potential = 2.80 to 2.85V.

b. Time to 2.OV cut-off at given current density
I 2(mA/in h n

CD (mA/in2) Time (hr) _ _-hr/in2

6.3 7.8 49.2

11.0 3.9 42.9
18.7 2.0 3-t.4
28.4 0.75 21.3
38.7 0.26 10.1

c. Current density at 2.OV at given temperature.

2
Temp. (CF) CD (mA/in2)

-22 5.2
+28 33
+66 >65
+149 >65

2. Li/PC-N•PF 6 /CuF2 Lockheed (53)

Electrolyte: NaPF 6 in PC (concentration unknown,

likely -1M)
Anode: Li on expanded Ag
Cathode: 70% CuF 2, 30% Ag on expanded Ag

a. Best performance: 72% utilization of CuF2 at ]

mA/in2 to 2.OV cut-off = 12S Whr/Ib of eflctrode.
b. At 1 rA/in2, obtained 200 hr of discharae to 2.0V

2
cut-off 200 mA•.A !n. .
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Table C-X. Successful cell systems - Continued.

Part 2. Available data for cell systems listed in part 1.

Data Literature reference

3. Li/PC-KPF6 /NiX 2  Gulton (42)

Electrolyte: KPF 6 in PC (concentration unknown)

Anode: 90% Li, 10% graphite
Cathode: 50% NiX2 , 50% graphite
a. NiX2 prepared by treating NiF_ with SOCI2.

2
b. At 2 mA/in , obtain 66% cathode efficiency from 3.0

to 1.OV.

2c. At 100 mA/in2, obtain 33% cathode efficiency from
1.6 to 0.6V.

4. Li/PC-LiC10 4 /CuF 2  Livingston (46,47)
ESB (28)

Electrolyte: Livingston, 1.4M LiClO4 in PC

ESB, IM LiCIO in PC
4

Anode: Livingston, Li on Ag
ESB, Li on Cu

Cathode: Livingston, 83% CuF2, 12% graphite, 6% pulp
on Ag

ESB, 85% Cur 2 , 10% graphite, 5% binder on Cu.
21I

a. Open circuit potential: Livingston 3.45V
ESB = 3.3V

2b. Livingston: At 12.9 mA/in obtain 15.5 hr of dis-
charge to 2.OV cut-off.

Note: Completely self-discharged after a few days

at 35 C; stable for 6 weeks at -15°C.

2c. ESB: At 0.08 to 0.46 mA/in , obtain a voltage
plateau at -3.OV.

Note: Energy density is a maximum at -0.3 mA/in
due to loss of active material through dis-
solution at lower drain rates. (Applies to
Livingston system as well.)
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Table C-X. Successful cell systems - Continued

Part 2. Available data for cell systems listed in part 1.

Data Literature reference

'A/PC,NM-LiAICl 4 ,AlCl 3 /CuCl 2  ELCA (33,34,65)

Slectrolyte: 3.OF A1CI 3 , 0.3F LiC1 in 45% PC, 55% NM

Anode: Li on Ni or Al
Cathode: 85% CuCl 2 , 7.5% Ag, 7.5% carbon on Cu

L2

a. Open circuit potential = 3.1V.

b. Voltage range for given current density.

2CD (mA/in2) Voltage range

46.5 2.3 - 1.6
125 2.2 - 1.0

c. System will self-discharge due to solubility of

CuCl 2 .

6. Li/BL-LiC1O4 /CuC1 2  Livingston (45)

Electrolyte: 12% LiCIO in BL
Anode: Li
Cathode: 75% CuCl 2 , 25% carbon

a. Open circuit potential 2 3.5V. (This value is
higher than that theoretically calcu?.ated: 2.9V.)

2b. At 6.45 mA/in2, obtain 28 hr of discharge to 2.8V
cut-off.

2Note: at 3.2 mA/in obtain 30 hr of discharge to
3.OV cut-off with CuF,; OCP = 3.2V.
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Table C-X. Successful cell systems - Continued

Part 2. Available dat3 for cell systems listed in part 1.

Data Literature reference

7. Li/BL-KPF6 /AgF 2  Whittaker (100)

Electrolyte: Saturated KPF6 in BL
Anode: Li on Ag
Cathode: AgF 2 , carbon, polyethylene on Ag

a. Open circuit potential = 3.7V.

b. At 6.45 mA/in2 , obtain voltage plateau of 3.4 to
3.OV.

8. Li/MF-LiCIO4 /CuF 2  Livingston (46,47)

Electrolyte: 4.68F LiCIO4 in MF
Anode: Li on 4g.
Cathode: 83% CuF2 , 12% carbon, 6% paper on Ag

a. Open circuit potential = 3.5V.

b. Hours of discharge at given current density to 2.OV

cut-off (-150 C).

Hours CD (rum/in )

1.05 129
1.25 64.5
3.4 53.5
6.2 19.4

Note: Li anode material reacts with solvent giving
poor wet shelf life.

9. Li/MF-LiClO4 /ACL-°70 Monsanto (61,62)

Electrolyte: 1.0 F LiClO4 in MF
Anode: Ii
Cathode: 81% ACL-70 (dichloroisocyanuric acid), 13%

Shawingan Black, 6% carbon

a. Open circuit potential = 4,OV.

b. At 50 mA/in 2 , obtain 2.6 hr of discharge from 3.7 to
2.OV.
Note: "Dry Tape" system
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Table C-X. Successful cell systems - Continued.

Part 2. Available data for cell systems listed in part 1.

Data Literature reference

1G. Li/IPA-LiCIO4/CuS (85)

a. For 7 amp • hr battery at 0.05 mA/in , obtain 95

Whr/lb with a 40% voltage drop. At 0.05 mA/in
cbtain 190 hr of discharge to 1.5V cut-off (voltage
never above 2.OV).

b. For 2 amp • hr cell: lifetime (hr) for given CD
2

%1i&.A/jfl

CD(mA/in ) Time (hr)
0.05 257

0.09 125
0._7 58

c. See 7. Dechenaux, G. Gerbier, J. Laurent; Revue
Bimestriella Entropie; 13; 15 (1967) for oFTlThal
reference.

11. Li/THtF,DME-LiClO4 /CuS SAFT (76)

Electrolyte: IM LiClO in THF,DME
Anode: Li
Cathode: CuS

L0

a. Open circuit potential >1.95V at 20°C.

12. Li/MCC-LiAlCl 4 /CuCI FAFT (77)

Electrolyte: IM LiAICl in MCC
Anode: Li on Ag 4

Cathode: CuCI on Ni-plated steel

a. Open circuit potential = 2.75V.

Note: electrolyte decomposes above 50°C.
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Table C-XI. Anode material requirements

(100 vA/in2 for 30 days).

Material g/in2  Mils Material g/in2  Mils I
Li 0.019 2.1 Ca 0.054 2.1

Na 0.06' 3.9 Sr 0.118 2.8

K 0. 1061 7,5 Zn 0.088 0.8

Rb 0.231 9.2 Cd 0.152 I. 1

Be 0.012 0.4 Al 0.024 0.6

Mg 0.033 1.2 Co 0.080 0.6

107



Table C-XII. Cathode (inorganic) matarial requirements
2(100 pA/in for 30 days).

Material g/in2 Mils V/pila Material g/in2 Mils V/mil a

AIF 3  0.075 1.5 --- CuBr 2  0.301 ... ...

SbF3  0.161 2.2 1.3 CuCI 0.267 4.7 0.6

AsF 3  0.119 2.7 1.1 CuCI 2  0.181 3.6 0.8

B 0 0.031 1.1 --- CUCO 0.166 2.5 1.3
2 3 3

CdCl 2  0.247 3.8 0.6 CuF 0.223

CdF 2  0.203 1.9 1.4 CuF 2  0.138 2.9 1.2

CrCI 2  0.166 3.7 0.6 CuI 0.514 5.6 0.4

CrCI 3  0.143 3.2 0.7 CuM(I3 ) 2 0.558 6.6 ---

CrF 2  0.122 1.8 1.3 Cu 2 0 0.193 2.0 1.1

CrF3  0.099 1.6 1.4 CuO 0.108 1.0 2.3

Cri 2  0.413 4.9 --- Cu 2 S 0.215 2.3 0.9

CrO 0.045 1.0 CuS 0.i30 1.7 1.3
3

Cr 2 0 3  0.069 0.8 ... CuSO4  0.216 3.7 0.9

CoBr2  0.296 3.7 0.6 AuBr 0.748 5.8 0.6

CoCI2 0.176 3.2 0.7 AuBr 3  0.393

Col.. 0.149 3.1 --- AuCI 0.628 5.2 0.7

oCO 3  0.161 2.4 1.0 AuC. 3  0.273 4.3 0.8

CoF 2  0.131 1.8 1.6 Aul 0.875 6.4 0.4

CoF 0.100 1.6 2.2 Au2 03  0.200 ... ...
.323

CoI 2  0.423 4.5 0.5 InF 3  0.154 2.2 ---

CoO 0.101 1.0 --- 205 0.090 1.2

Co 2 03  0.074 0.9 --- FeBr 2  0.292 3.9 0.6

Co30 0.091 0.8 --- FeC 2  0 171 3.5 0.7

CoS 0.123 1.4 1.5 FeCi 3  0.146 3.2 0.8

CuBr 0.387 5.0 0.5 FeCO3  0,157 2.5 1.0

aV vs Li.
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Lable C-XII. " (inorganic) material requirements

U(C, u A!/2 for 30 days) - Continued.

2 a 2 a
Material g/in Mils V/mila Material ;/-in mils V/mila

FeF2 0.127 1.9 1.5 HgSO 0.401 3.8 0.8
24

FeF 0.101 1.9 1.4 MoO 3  0.065 0.9 ---
33

FeI2 0.419 4.8 0.4 NiBr2 0.296 3.9 0.6

Fe 2 0 3  0.072 0.8 --- N•C12 0.176 3.0 0.9

Fe 0 0.078 0.9 --- NiCO 0.161 ... ...

Fe(OH) 2  0.121 2.2 1.0 NiF 2  0.131 1.7 1.5

FeS 0.119 1.5 Ni... Nil2 0.423 4,5 0.5I2
Fe 2 S3 0.107 1.5 NiO 0.101 0.8 ---

PbCI 2  0.375 3.9 0.6 Ni 0 0.223 2.8 ---
2~2 3

PbF 0.331 2.5 1.2 Ni(OH) 2  0.126 1.9 1.2

PbO 0.162 1.1 2.2 NiS 2  0.123 1.4 1.5
22

PbS 0.322 2.6 0.8 Ni S 0.162 1.7 ---
3 2

PbSO 0.409 4.0 0.6 KI 0.448 P.8 ---
4

MnBr 0.290 4.0 --- KIO4  0.621 10,5
24

MnC1 2  0.170 3.5 --- K2so4 0.235 5.3 ---

MnF 0.126 1.9 1.2 F2S20 0.365 8.9 ---
2 2 2 8

MnF 0.101 1.8 1.3 AgBr 0.508 4.8 0.5
3

MnI 0.417 5.1 --- AgC1 0.386 4.2 0.7
2

MnO 0.096 1.1 --- AgCN 0.181 2.8

MnO 0.059 0.7 --- AgF 0.343 3.6 1.2

Mn2 0 3  0.072 1.0 --- AgF 2  0.197 2.6 2.0

Mn 0 0.077 1.0 --- AgI 0.635 6.8 0.3
3 4

HgCl 2  0.366 4.1 0.8 A 0.313 2.7 1.1

.9gO 0.293 1.6 1.6 AgO 0.167 1.4 2.1

lcs 0.315 2A4 1.0 Ag S 0.335 2.8 0.8

a, vs Li.
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Table C-XII. Cathode (inorganic) material requirements

(100 pA/in 2 for 30 days)- Continued

Material g/in2 Mils V/mila Material g/in2 Mils V/mil a

Ag2 SO4  0.421 4.7 0.7 V20 0.049 0.9 ---

NaBO3  0.221 --- ZnBr 2  0.304 4.4

NaIO3  0.535 7.6 --- ZnClI 0.184 3.9 0.5

TIC1 0.648 ....--- ZnF 2  0.139 1.8 1.4

Sno 0.103 0.9 ZnI 2  0.,I 5.6 ---

SnS 0.204 2.4 0.9 ZnO 0.109 1.2

TiF 0.095 --- -- ZnS 0.131 2.03
TiF 0.084 1.6 1.24
VCI 2  0.165 3.2 ---

VC1 3  0.140 2.9 0.8

aV vs Li.
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